Spintronic devices have in general demonstrated the feasibility of non-volatile memory storage and simple Boolean logic operations. Modern microprocessors have one further frequently used digital operation: bit-wise operations on multiple bits simultaneously. Such operations are important for binary multiplication and division and in efficient microprocessor architectures such as reduced instruction set computing (RISC). In this paper we show a four-stage vertical serial shift register made from RKKY coupled ultrathin (0.9 nm) perpendicularly magnetised layers into which a 3-bit data word is injected. The entire four stage shift register occupies a total length (thickness) of only 16 nm. We show how under the action of an externally applied magnetic field bits can be shifted together as a word and then manipulated individually, including being brought together to perform logic operations. This is one of the highest level demonstrations of logic operation ever performed on data in the magnetic state and brings closer the possibility of ultrahigh density all-magnetic microprocessors.
Introduction
The progress of spintronics and nano-magnetic logic to effectively use the third dimension, more specifically the space above the two-dimensional wafer plane, has been impeded by the added process complexity [1] [2] [3] [4] [5] . Challenging 3D device concepts have been proposed but progress towards full threedimensional functionality is slow [6, 7] . We recently demonstrated a simple magnetic kink soliton [8, 9] ratchet which actively uses the third dimension [10] . Here the term 'kink soliton' is used to refer to the spatially localised boundary between 1 Present address: Eindhoven University of Technology, Den Dolech 2, 5612 AZ Eindhoven, The Netherlands Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. two anti-parallel magnetic domains [8, 11] . In our particular case, a soliton is formed by two layers pointing in the same direction, and it is referred to as sharp as it does not involve any further layers. This concept could be used to boost the performance of future three-dimensional spintronic data-storage, memory, or logic devices [1, 5-7, 12, 13] . Specifically, we demonstrated a shift register in which a sharp magnetic soliton was propagated vertically, unidirectionally and synchronously with a magnetic field. We used a superlattice (SL) consisting of ultrathin perpendicularly magnetized Pt/CoFeB/Pt layers coupled antiferromagnetically through Ru using the RudermanKittel-Kasuya-Yosida (RKKY)-mechanism [14] [15] [16] [17] [18] [19] [20] . Here we show how multiple solitons can be injected, propagated and annihilated to show full serial shift register potential [21, 22] and how we can perform logic operations using sharp magnetic kink solitons in a single SL based on ultrathin Pt/Co layers. 
Sample and experimental
The SL studied here is formed by non-patterned continuous films, the layer structure and parameters are given figure 1. The SL consists of 44 layers with a total thickness of ∼51 nm, of which 11 layers are ferromagnetic (FM) Co with different thicknesses (t 0 = 0.5 nm, t 1 = 0.6 nm and t 2 = 0.9 nm). The SL is grown on a buffer layer of Ta(4 nm)/Pt(20 nm) and capped with a 2 nm Pt layer. The FM Co layers are antiferromagnetically coupled to their neighbors through Pt/Ru(0.9 nm)/Pt spacers by the RKKY mechanism [17] . The inserted Pt thickness at the interfaces between Co and Ru are varied to set the coupling strength J 0 , J 1 and J 2 [17] . The bottom three layers of the stack are from now on referred to as the injector and the top eight layers as the soliton propagation region. The alternating coupling strengths J 1 , J 2 and FM layer thicknesses t 1 , t 2 in the soliton propagation region induces an upward ratchet for solitons as explained in [10] . Note that in contrast to our previous report, we now use perpendicularly magnetized Pt/Co layers with a higher coercivity compared to Pt/CoFeB [23] . Using Pt/Co allows us to inject multiple solitons into the SL as we will explain later.
Results

Major hysteresis loop
In figure 2(a) we show the major hysteresis loop measured using a vibrating sample magnetometer (VSM). The VSM signal is directly proportional to the magnetic moment of the sample. All VSM data presented are obtained by subtracting the diamagnetic background of the Si substrate measured at applied fields >10 kOe (see inset graph at bottom right corner of figure 2(b) ). The VSM data allows us to determine if a t 0 , t 1 or t 2 layer has switched since we know the fraction of material in every layer (see top left text inset of figure 2(a) ). This allows us to determine the configuration of the SL after every transition in the hysteresis loop. This is schematically illustrated in figure 2(b) where the numbered balloons refer to the corresponding plateau in the signal shown in (a). A dotted outline indicates which layer has switched compared to the previous configuration. In the supplementary information (available at stacks.iop.org/Nano/25/105201/m media) we supply supporting evidence for this switching sequence using the magneto optical-Kerr effect (MOKE).
We can simulate the major VSM hysteresis loop using a simple Ising-macrospin (IM) model using the following input parameters: the coercivity of every layer at room temperature (H c ), the coupling between layers (J ) and thickness of the layers (t) [10] . Note that in this simple model the temperature effects are captured by the H c parameter. The coupling strength J is for convenience expressed in units of magnetic field times length since the RKKY coupling between two FM layers is a surface term and scales with the thickness of the FM layer. The switching field H s of a layer can then be calculated using H s = H c + J tot /t and J tot is the sum of the couplings experienced by the layer considered from its nearest neighbors. For convenience we use J > 0 for antiferromagnetic coupling.
The blue solid line in figure 2(a) is simulated with the IM model using the parameters as listed left to the schematic SL illustration in figure 2(b). These parameters are extracted by systematically measuring switching transitions in different configurations of the SL similar to the data described in figures 3-5, the exact procedure will be published elsewhere. The bottom three layers of the SL have a relatively higher coupling J 0 compared to the rest of the SL. This allows us to inject solitons between L3 and L4 (indicated by the blue minus sign at configuration (5)). Note that the corresponding transitions are identified by the amplitude of the switches as determined from the fraction of material in the switching layer (see top left text inset of figure 2(a) ). Overall the simulated blue line shows a good agreement with the experimental VSM data up to configuration (6) . The IM model now fails to describe transition (6)- (7). This is due to the complex simultaneous switching (rearranging) of the three injector layers at this transition at 2520 Oe as derived from the experimental data which the simple IM model fails to capture [10, 24] . Due to this rearranging the subsequent transitions are predicted at the right field value but offset vertically up to and including configuration 9. For completeness a full description of the switching sequence as predicted by the IM model (blue solid line) can be found in figure S1 of the supplementary information (available at stacks.iop.org/Nano/25/105201/mm edia).
To overcome this shortcoming of the IM model we have artificially introduced the rearranging transition at 2520 Oe with amplitude M/M s = 0.182 (see top left text inset of figure 2(a)) in the simulated red solid line. In the remainder of this paper we will indicate this artificially introduced transition with an exclamation mark as shown in figure 2(a). With this modification the IM simulation now correctly describes the amplitude and switching fields of the sequence (7)- (11) . Note that the field at which the rearranging transition occurs happens before the bulk t 2 layers in the soliton propagation region (L6, L8, L10) switch (transitions (7)- (8), (8)- (9), (9)-(10) in figure 2(b)). This allows us to inject multiple solitons into the SL as we will present later.
In contrast to our former results [10] , where H c of the Pt/CoFeB/Pt layers was uniform for the whole SL, we find here that for Pt/Co, H c increases from L6 upwards, up to a factor 3-4 for L10, to decrease to the same level as the bottom layers for L11 (see parameter list in figure 2(b)). The increasing H c points to stronger domain wall pinning or delayed DW nucleation [23] in FM layers higher in the stack which indicates a change in microstructure, this is beyond the scope of this paper and a full study on the relation between the microstructure and the magnetic properties (J and H c ) will be published elsewhere.
Single soliton propagation
We define the polarity of a soliton by the magnetic orientation of the two layers forming the soliton when it straddles two layers coupled by J 2 . At configuration (5) of figure 2(b) a soliton with negative polarity is injected between L3 and L4 as indicated by the blue minus sign. In figure 3 we show the propagation of this soliton through the SL using VSM. The field sequence used is shown in (a), in (b) we plot the corresponding normalized VSM signal as a function of time, parameters as given in figure 2(b) . The configurations labeled with numbered balloons are identical to the configurations shown in figure 2(b) and the letter labeled balloons identify the SL configuration given in figure 3(d) . Before starting the measurement we prepare the SL in configuration (5) with a negatively polarized soliton between L3 and L4. We then start a triangular shaped field cycle ( figure 3(a) ) where every new cycle is given a different color. The switching fields at which the soliton propagates, H p1 and H p2 are given by [10] :
In the first field cycle (black) the soliton moves one layer up at H p1 where it now straddles two layers coupled by J 1 . The field then decreases and at H p2 the soliton moves up another layer where it again straddles two layers coupled by J 2 . The propagating soliton is identified by the increased normalized magnetic moment at remanence (A). This increase can be calculated as 0.3 nm of magnetic materials (t 2 − t 1 = 0.9 − 0.6 = 0.3 nm) has reversed its direction from a total of 7.7 nm Co in the stack, i.e. M/M s = (0.3/7.7) × 2 = +0.078, as observed. In the red field cycle the soliton again propagates two layers up (A)-(B) and (B)-(C). H p1 , however, has increased from 1548 Oe in the black field cycle (5)- (6) to 1947 Oe in the red field cycle (B)-(C). Also, H p2 (B)-(C) changes from 840 Oe in the black field cycle to 273 Oe in the red field cycle. This is mainly caused by the increase in H c for layers up the SL and agrees with the equations given before. In the blue field cycle we need to further increase the amplitude of the applied field compared to the black and red field cycles to reach H p1 . We now, however, observe a large increase in total magnetic moment in the transition from configuration (C) to (D). In the experimental data, due to smearing of the transitions, the propagation of the soliton at field H p1 = 1623 + (1158 − 322)/0.9 = 2552 Oe coincides with the rearranging of the injector at 2520 Oe. The separation of these two switches can be seen by the two steps in the simulated curve of figure 3(c) (indicated by the exclamation mark as discussed before). On relaxing the field back to zero H p2 (D)-(E) occurs at 30 Oe. There are now two solitons in the stack, one with a positive polarity between L3 and L4 (red +), and the original soliton with negative polarity between L9 and L10 (blue −).
Positive (negative) fields propagate solitons with a negative (positive) polarity, provided that the amplitude of the driving field is large enough to reach |H p1 |. Therefore, we only propagate the negatively polarized soliton during the positive part of the cyan field cycle ((E)-(F) and (F)-(G)), which is thereby expelled out of the top of the SL. In the magenta field cycle the top layer flips back and forth (G)-(H) and (H)-(G) due to the expulsion of the soliton. In spite of the simplicity of the IM model the simulated curves describe the experimental data well.
This shows the basic propagation [10] and injection mechanism for sharp magnetic kink solitons of both polarities needed for a serial shift register.
Multiple soliton propagation and soliton annihilation
In figure 4 we show the propagation, injection and subsequent annihilation of two solitons as needed for logic operations. The figure layout is identical to figure 3 and the numbering/lettering in the red balloons of figure 4 corresponds to the same SL configurations as given in figure 2(b) and 3(d) . The blue lettered balloons indicate new configurations. We start again with a soliton with negative polarity between L3 and L4 at (5) . Using the same first three field cycles (black-red-blue) as in figure 4(a) (5)-(E), we propagate this soliton six layers up and in the process we inject a soliton with positive polarity between L3 and L4.
We are now in configuration (E). Instead of propagating the top soliton out of the SL as before, we propagate the positively polarized soliton upwards using negative applied fields. The propagation of the bottom soliton follows the exact same sequence as we have seen before in figure 3 , albeit it now propagates on negative fields as expected. A propagating soliton with positive polarization is identified by a decrease in the magnetic moment. This brings us to configuration (I) after the cyan field cycle. At this point the two solitons with opposite polarization are spaced two layers apart. In the magenta field cycle we observe a large drop in magnetic moment at ∼−2400 Oe (I)-(J), this drop corresponds to three switching events taking place simultaneously due the thermal smearing of the transitions: (1) the switching of the top layer at −2335 Oe as it is aligned anti-parallel with the applied field, (2) rearranging of the injector at −2520 Oe injecting a negatively charged soliton, (3) the propagation of the positively charged soliton at −2552 Oe. In the simulated curve these individual three switches can be identified in the order described (the exclamation mark indicates the rearranging transition as discussed before). Note that there are now three solitons in the SL at configuration (J). As the field relaxes to zero first the top layer switches back and then the two oppositely polarized solitons at the top annihilate at L9, erasing them from the stack (K). We have now returned to the same configuration as we started with (L) = (5). Note that when two sharp kink solitons annihilate each other the anti-phase domain they separated is erased and no information of the former presence of the two solitons is left as is shown in column (L) of figure 4(d).
We can continue the same field cycle repeatedly as shown in the inset of figure 4(b), with the soliton propagation and injection fields occurring at the exact same fields (verified for ten full field cycles). This proves that the soliton propagation is not influenced by unsaturated nucleation embryos or asymmetric domain wall nucleation sites that might be left in the layers due to former field cycles [25] and/or solitons passing through. For future devices this indicates that the passing of multiple solitons does not alter the ratchet properties of the SL which is critical for true shift-register operation. Furthermore, the reproducible full annihilation of two solitons demonstrates that complex logic operations can be performed inside a shift register.
To complement the data on the annihilation operation of two solitons, we show in figure 5 the injection of a third soliton which we propagate to, and annihilate in the middle, of the SL. Figure 5 follows the same order and labeling conventions as introduced before. We start with the same fields cycles as used in figure 4 which brings us to configuration (G) (blue balloon). This is a stable state as both solitons are straddling a J 2 coupling. In the cyan field cycle we first propagate the positively polarized soliton one layer up (H) as before, but instead of relaxing the field back to zero we increase it further to inject a negatively polarized soliton between L3 and L4 (I) (green balloon). As before, due to thermal smearing, the top layer also switches. On relaxing the applied field to zero, first the top layers switches back (J) and finally the positively polarized soliton propagates one layer up (K). Note that the SL now contains three solitons at stable positions. We then propagate the negatively polarized soliton we just injected four layers up in the magenta ((K)-(L) and (L)-(M)) and purple ( (M)-(N) and (N)-(O) ) field cycles where it annihilates at L7 with the positively polarized soliton. This effectively erases them both from the SL in the bulk, demonstrating the efficient annihilation of solitons in the bulk. From configuration (O) we can continue with injecting a positively polarized soliton by applying a negative field sufficient to rearrange the injector and repeat the whole sequence as before (not shown).
In an ideal SL with a homogenous H c we would also have propagated the negatively polarized soliton between L9 and L10 in the magenta field cycle to be expelled out of the SL. However, the field required to propagate this soliton is too high (see figure 3(c) ), i.e. the required field will switch the bulk layers lower in the SL, thereby erasing/repositioning solitons in the lower part of the SL (not shown). Hence, as discussed before, having a constant H c for all layers up the SL, with the possibility to inject solitons, would allow for synchronous propagation of all the positive (negative) polarized solitons on negative (positive) applied fields.
This shows the basic ingredients for creating magnetic logic operations or instruction sets in SLs based on the spacing between and coding of information using the selective propagation of sharp magnetic kink solitons by their polarization.
Soliton-soliton interactions
From the simple nearest-neighbour IM model no solitonsoliton interactions are expected with the exception of the annihilation process. If the continuous film was patterned, the presence of long range dipolar interactions would introduce long range soliton-soliton interactions. This can be verified from our measurements as soliton-soliton interactions would manifest as a change in the propagation field when solitons approach each other. From analyzing the propagation fields in figures 3-5 we conclude that the propagation fields are similar in all cases within our measurement accuracy, i.e. the same absolute propagation fields are required to move regardless the presence or not of another soliton. For instance, H p1 and H p2 for a single soliton moving from L3-L4 to L4-L5 ((5)-(6) in figure 3 ) and then from L4-L5 to L5-L6 ((A)-(B) in figure 4) are identical to H p1 and H p2 measured when a soliton propagates through the same layers but in the presence of a soliton just above ((K)-(L) and (M)-(N) in figure 5 ).
Discussion
By symmetry, all the above soliton propagation and injection operations can be performed with inverted field cycles, the configurations are identical as shown albeit with every layer inverted (not-shown). Finally, different soliton injection strategies can be considered. For instance; by using spin-transfer-or spin-orbit-torque type of soliton injection strategies [26] [27] [28] [29] [30] . One could also combine different ferromagnetic materials in the same stack having intrinsically different H c or, alternatively, irradiate the SL with ions in order to decrease the H c of the top most layers and create a local injector at the top of the stack [31] [32] [33] [34] [35] .
From a device perspective, the increasing H p1 for layers higher up in the stack is not wanted. Moreover, it forces us to modulate the applied field amplitude to propagate the soliton depending on where it is located in the stack. The increase in H c indicates an underlying quality degradation of the layers as the SL grows. There is, however, much room for improvement by optimizing the growth conditions and/or using different materials. For instance, stronger domain wall pinning was observed before in pure Co compared to Boron doped Co and CoFeB [23, 31] . Indeed, in the Pt/CoFeB we used before we found a constant H c for all layers in the SL [10] . We are, however, unable to inject multiple solitons using CoFeB/Pt with the used injection strategy (rearranging field of the injector). Hence, as a compromise we have used here Co/Pt, allowing us to inject multiple solitons at the cost of a dispersion in H c . Speculatively, a higher magnetostriction of pure Co might explain the dependence of H c on height in the SL compared to amorphous CoFeB. Furthermore, micromagnetic simulations taking the full magnetization reversal of the coupled layers into account, and systematically including different sources of domain wall nucleation/pinning sites and local anisotropy variations (for instance due to the aforementioned magnetostriction), might shed light on the observed dispersion in H c and injector rearranging field value.
From logic point of view the soliton annihilation process is the XOR function if a 1 is represented by a soliton and a 0 by the absence of solitons. The way this can be done in a large SL with many solitons could be interpreted as an instruction pipeline in a microprocessor, i.e. the filling of the SL with oppositely polarized solitons spaced differently allows one to store an instruction set. These are simple examples but many others could be thought of using different magnetic logic coding schemes and/or algorithms [5] .
Summary
We have demonstrated the injection, propagation and annihilation of multiple solitons in a SL which is a crucial step towards three-dimensional future memory and logic devices. All soliton manipulation processes could be repeated reproducibly showing full shift register and logic potential. Finally, as expected, we found no indication of soliton-soliton interactions within our experimental accuracy. The presented results show the highest level of logic operation ever performed on data in the magnetic state and brings closer the possibility of ultrahigh density three-dimensional all-magnetic microprocessors.
Methods
The samples are fabricated by DC magnetron sputtering using an Ar pressure of 7.5 × 10 −3 mbar in a vacuum system with a base pressure of ∼3 × 10 −8 mbar. All samples are prepared on precut Si substrates (∼1 × 1 cm 2 ) with a native oxide layer. The substrates were cleaned by acetone and isopropanol in an ultrasound bath. For Ta, Co and Ru DC magnetron powers of 50, 60, 100 W were used, respectively. The growth rates were calibrated to 0.059 (Ta), 0.049 (Co), 0.126 (Ru) nm s −1 by atomic force microscopy on step edges with an estimated error margin of 10%. For Pt we used 100 W (0.215 nm s −1 ) for the buffer and capping layers and 30 W (0.063 nm s −1 ) for the interlayers. During deposition the substrates were rotated (20 rot min −1 ) and the layer thicknesses were controlled by timing the opening of shutters with a 1 ± 0.25 s time resolution. These are the same growth conditions as used in our previous report (Pt/CoFeB based ratchet [10] ). Polar magneto-optical Kerr effect (MOKE) and vibrating sample magnetometery (VSM) at room temperature are used to determine the magnetic properties of the samples. The magnetic field is always applied perpendicular to the film plane.
